(19) 



(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets (11) 

EUROPEAN PATENT APPLICATION 



EP 1 002 770 A2 



(43) 


Date of publication: 


(51) IntCI. 7 : C03B 19/09 




oa n£ of\nn Riiiio+in onnn/oi 




(21) 


Application number: 99122937.8 




(22) 


Date of filing: 18.11.1999 




(84) 


Designated Contracting States: 


(72) Inventors: 




AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Christman, Marc A. 




MC NL PT SE 


Vancouver, wa voooz (Uo) 




Designated Extension States: 


• Mosier, Robert O. 




AL LT LV MK RO SI 


Vancouver, WA 98684 (US) 


(30) 


Priority: 1 9.1 1 .1 998 US 1 95886 


(74) Representative: 






Kuhn, Hans-Christian 


(71) 


Applicants: 


Heraeus Holding GmbH, 


• 


Heraeus Quarzglas GmbH & Co. KG 


Schutzrechte, 




63450 Hanau (DE) 


Heraeusstrasse 12-14 


• 


Heraeus Shin-Etsu America, Inc. 


63450 Hanau (DE) 




Camas, WA 98607 (US) 





(54) Method and apparatus for minimizing white point defects in quartz glass crucibles 



(57) The invention refers to methods and apparatus 
for manufacturing silica crucibles containing few, if any, 
white point defects. The white point defects are by 
decreasing the amount of silica vapor condensing on 
electrodes used in the manufacturing process. The sil- 
ica vapor condensation is decreased by providing a flow 
of a protective or non-reactive gas or gas mixture over 
portions of the electrodes where the silica vapor would 
otherwise condense. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention generally relates to 
crucible fabrication. Specifically, the present invention 
relates to methods and apparatus for making quartz 
glass crucibles that are suitable for use in pulling silicon 
single crystals for semiconductor applications. 
[0002] There are several methods for making single 
crystal silicon materials. One such method — the "Czo- 
chralski" (CZ) method — has been widely adopted for 
producing single crystal silicon materials for semicon- 
ductor applications. In this method, polycrystalline sili- 
con is melted in a vessel and a single-crystal seed 
crystal is dipped at its tip end portion into the molten sil- 
icon. The seed crystal is then "pulled" while being 
rotated so that a single crystal from the melt is grown on 
the seed crystal with the same crystallographic orienta- 
tion. 

[0003] A crucible is one vessel commonly employed 
in this pulling operation for making ingots of silicon sin- 
gle crystals. Crucibles are typically configured in a bowl 
shape, with walls and a bottom, to contain the molten 
silicon during the pulling operation. Crucibles may be 
made of any material which adequately contains the 
molten silicon without contaminating it, yet introduces a 
desired amount of oxygen into the molten silicon. One 
of the most widely used materials for such crucibles is 
silica or quartz glass. 

[0004] Quartz glass crucibles can be manufactured 
by many processes. One such process — the "normal 
fusion" process — includes introducing a finely ground 
mass of crystalline or amorphous silica particles into a 
hollow mold which rotates about a vertical axis. Quartz 
particles are widely used as cystalline silica particles 
because of their high purity and economical availability. 
As the mold rotates, a layer of quartz particles forms on 
the wall and bottom of the mold by the force of rotation. 
A blade is used to scrape the particles to obtain a 
desired shape and, when needed, remove excess parti- 
cles. Heat is applied to melt and fuse the silica or quartz 
particles, thus forming the wall and bottom of the cruci- 
ble. After cooling, the crucible is removed from the mold. 
[0005] Normally, crucible walls are opaque because 
they contain numerous tiny bubbles. When the bubbles 
open during the crystal-pulling operation, it can damage 
the silicon ingots. To reduce the impact of bubbles in the 
crucible walls, an inner layer is often formed on the 
inside of the crucible. There are numerous methods 
known for preparing such inner layers which are sub- 
stantially bubble-free, such as those methods disclosed 
in U.S. Patent Nos. 4,416,680, 4,956,208, and 
4,935,046, the disclosures of which are incorporated 
herein by reference. In one such method, quartz parti- 
cles are formed into a crucible shape in a rotating mold 
by fusing the particles with an electric arc near the 
center of the rotating axis. As the particles fuses to 



make the crucible shape, additional particles are 
sprayed through the arc towards the fused crucible sur- 
face and deposits on the inner surface to make a sub- 
stantially bubble-free layer. This method is known as a 

5 "hybrid fusion" process because melting the particles 
and deposition of the sprayed particles are is performed 
simultaneously. These bubble-free inner layers, which 
produce crucibles of a very high purity, will probably be 
required for the next generation of crucibles employed 

70 to produce silicon ingots. 

[0006] In such "hybrid fusion" processes, the silica 
or quartz particles are introduced through the arc cre- 
ated between opposing electrodes, often made of 
graphite. In passing through the arc, the particles are 

15 substantially — if not completely — melted. Heating the 
silica particles using the arc, however, causes a sub- 
stantial quantity of silica vapor to form. The silica vapor 
condenses on any object whose surface temperature is 
lower than the silica vapor, such as the cooler portions 

20 of the electrodes, and becomes silica particles. When 
the graphite electrodes erode during the crucible-mak- 
ing process due to oxidation of the graphite, the silica 
particles condensed on the electrodes fall away in 
flakes. These silica flakes fall into the crucible while the 

25 walls are hot and form an opaque white defect — a 
"white point" defect — on the surface of the crucible wall. 
These white point defects can cause difficulties in pull- 
ing single crystal silicon from the quartz glass crucible. 
Accordingly, quartz glass crucibles containing these 

30 white point defects must be discarded. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides methods and 
35 apparatus for manufacturing silica crucibles containing 
few, if any, white point defects. The white point defects 
are reduced during the inventive process by decreasing 
the amount of silica vapor condensing on electrodes 
used in the manufacturing process. The silica vapor 
40 condensation is decreased by providing a flow of a pro- 
tective or non-reactive gas or gas mixture over areas of 
the graphite electrodes where the silica vapor might 
condense. The flow of protective gas or gas mixture is 
provided by nozzles, jets, or the like located proximate 
45 the desired areas of the electrodes. 

[0008] The present invention includes a method for 
making at least one silica crucible which comprises pro- 
viding a crucible substrate, providing a plurality of elec- 
trodes having an arc or plasma discharge 
so therebetween, melting silica particles by introducing 
them through the arc or plasma discharge toward the 
crucible substrate, protecting the electrodes from silica 
vapor condensation, and cooling the crucible to its final 
form. The plurality of electrodes can be graphite elec- 
55 trodes and the arc discharge established by voltage 
across the electrodes. The electrodes are protected by 
flowing a non-reactive gas or mixture of non-reactive 
gases over a desired portion of the electrodes to reduce 
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the amount of silicon oxide vapor condensing on the 
electrodes. The non-reactive gas may be neon, helium, 
argon, or nitrogen. The method reduces the amount of 
white point defects in a plurality of crucibles so that less 
than 7% of the crucibles contain white point defects. 5 
[0009] The present invention also includes an 
apparatus for making a silica crucible which comprises 
a crucible substrate, a plurality of electrodes having an 
arc or plasma discharge therebetween, means for intro- 
ducing silica particles through the arc or plasma dis- 10 
charge and into the crucible substrate, and means for 
protecting at least a portion of the electrodes from silica 
vapor condensation. The electrodes can be graphite 
electrodes and the arc discharge established by voltage 
through the electrodes. The protecting means includes is 
flowing means for establishing a flow of a non-reactive 
gas or mixture of non-reactive gases over the desired 
portion of the electrodes. The flowing means may be at 
least one nozzle proximate the desired portion of the 
electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] 

Figures 1-3 are views of one process and appara- 
tus for making quartz glass crucibles according to 
the present invention. Figures 1-3 presented in con- 
junction with this description are views of only par- 
ticular portions — rather than complete portions — of 
a quartz glass crucible and an apparatus for making 
the same. 

DETAILED DESCRIPTION OF THE INVENTION 

[0011] The following description provides specific 
details, such as dimensions and materials, in order to 
provide a thorough understanding of the present inven- 
tion. The skilled artisan, however, would understand 
that the present invention may be practiced without 
employing these specific details. Indeed, the present 
invention can be practiced in conjunction with fabrica- 
tion techniques conventionally used in the industry. 
Moreover, the process steps and structures described 
below neither describe a complete apparatus nor a 
complete process flow for manufacturing quartz glass 
crucibles. 

[0012] Figures 1-3 illustrate one method and appa- 
ratus for making a quartz glass crucible according to the 
present invention. It will be understood, however, by 
those skilled in the art that other apparatus and meth- 
ods could be formed by modifying the illustrated 
method, such as by using electrodes other than graph- 
ite. 

[0013] Figure 1 illustrates an exemplary crucible 
making-process in which the present invention can be 
employed. In Figure 1, rotatable mold 10 is provided 
with rotating shaft 21. Electrodes 4, 5, and 6 are dis- 



posed within mold 10 and are held by electrode holders 
1, 2, and 3, respectively, which typically are metallic 
double-walled pipe cooled with water between the walls. 
Grain supply means 7 supplies quartz or silica particles 
(or powder or grain) 8 near the electrodes and into mold 
1 0 to form a bubble-free layer on the inner surface of the 
quartz glass crucible 9. Protecting devices 11, 12, and 
1 3 are attached to electrode holders 1 , 2, and 3, respec- 
tively. 

[0014] The configuration and the size of mold 10 
depends on the desired configuration and size of cruci- 
ble 9 to be produced. Mold 10 may be made of any suit- 
able material having a satisfactory heat resistance and 
mechanical strength, yet which may be formed into any 
desired configuration, such as stainless steel or graph- 
ite. 

[0015] Crucible 9 is formed on the inner surface of 
mold 10 by any suitable process. In one suitable proc- 
ess, mold 10 is rotated about rotating shaft 21. High- 
purity silicon dioxide grain 8 is then supplied near elec- 
trodes 4, 5, and 6, and directed toward the inner surface 
of mold 10. When an arc discharge is produced across 
the electrodes, some quartz grain — if not all — is melted 
by the arc. The grain is simultaneously deposited on the 
inner surface of mold 10 to form a substantially bubble- 
free quartz glass layer of a predetermined thickness 
depending on the total fusion time. 
[0016] Electrodes 4, 5, and 6 are connected with an 
external power source so the electrodes are subjected 
to a high voltage to produce the arc discharge. Alterna- 
tively, a high-frequency plasma discharge can be 
employed instead of an arc discharge. While Figure 1 
illustrates three electrodes, the present invention can 
employ any number of electrodes greater than 1 . More- 
over, the configuration of the electrodes can be modified 
in any desired manner. 

[0017] Electrodes 4, 5, and 6 are made of any suit- 
able material, such as carbon or graphite. The elec- 
trodes are connected to water-cooled metallic electrode 
holders as shown in Figure 1, with a diameter 85% to 
1 50% of that of the electrode, at the end thereof to cool 
the electrodes with water. Thus, there is a temperature 
gradient along the electrode from the water-cooled end 
to the end where the arc is maintained. The arc dis- 
charge may be of a bulged configuration so that when 
grain 8 passes through, it is distributed throughout a 
wide range of the inner surface of mold 10. 
[0018] Quartz grain 8 used in the process of the 
present invention may be of any suitable size which will 
melt and form a crucible under the operating conditions. 
Grain 8 may be crystalline, amorphous, or a mixture 
thereof and preferably is of a high purity so impurities in 
the crucible can be minimized. 

[0019] When heating grain 8 with the arc discharge, 
silica vapor or fume is released and condenses on the 
electrodes, especially on the cooler portions of the elec- 
trodes, including the areas near the water-cooled end of 
the electrode. Accordingly, silica vapor deposition is 
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heaviest at the cooler portions of the electrodes. As dis- 
cussed above, this causes "white point" defects in the 
crucible since the condensed silica can "flake off" the 
electrodes during the manufacturing process. The 
present invention includes means for reducing the con- 
densation of silicon dioxide vapor on the graphite elec- 
trodes, thus reducing these white point defects. 
[0020] In one embodiment, the means for reducing 
this silica vapor condensation on the electrodes 
includes an apparatus which blows a protecting or non- 
reactive gas or gas mixture over a portion of the elec- 
trodes. Any suitable flow of protecting gas across the 
surface of the graphite electrode can be employed in the 
present invention, provided it lifts the silica vapor away 
from the electrode and/or reduces the amount of silica 
vapor condensing on the electrodes. 
[0021] Silica fume deposition may not be uniform 
about the circumference of the electrode. The side of 
the electrode facing away from the other elec- 
trode^) — being the most cool — is where the most silica 
deposits. Thus, the flow of the protecting gas can be 
concentrated there. 

[0022] By keeping the silica vapor away from the 
graphite electrode, the vapor is prevented from con- 
densing on the graphite electrode. Instead, the silica 
vapor is exhausted and/or condenses on a more stable 
surface which holds the condensed silica vapor until the 
crucible is formed. Accordingly, the silica vapor does not 
"flake off" the electrodes and create white point defects 
in the crucible. 

[0023] Any suitable gas (or mixture of gases) which 
protects the electrodes from the silica vapor and/or 
does not react with the quartz glass crucible, silica pow- 
der, and the electrodes can be employed in the present 
invention. Suitable gases include, but are not limited to, 
neon (Ne), helium (He), argon (Ar), nitrogen (N 2 ), and 
mixtures thereof. Preferably, substantially pure nitrogen 
is employed as the non-reactive gas in the present 
invention. Nitrogen is the preferable gas because of its 
reasonable cost and minimal interference with the arc 
characteristics. 

[0024] Any apparatus suitable for blowing the non- 
reactive gas across the surface of the electrodes can be 
employed in the present invention. One such apparatus 
is illustrated in Figure 2, where the non-reactive gas is 
blown past electrodes 4, 5, and 6 by protecting devices 
11, 12, and 13. Protecting devices 11, 12, and 13 gen- 
erally comprise blowing means for providing a flow of 
the non-reactive gas, supplying means for supplying the 
non-reactive gas to the blowing means, and controlling 
means for regulating the flow of the protective gas. 
[0025] Protecting devices 11, 12, and 13 should be 
located near the respective electrode so a proper flow of 
non-reactive gas is established. In the embodiment 
illustrated in Figure 2, protecting devices 11, 12, and 13 
may be fixed to the electrode holder by fixture means 
18. 

[0026] The blowing means of protecting devices 1 1 , 



12, and 13 may be at least one conventional nozzle, 
including a ring of pipe or hollow double-wall casing with 
a sealed end which is equipped with an array of down- 
ward-facing holes 17 spaced around the electrode 

5 holder to direct a stream of gas along the electrode sur- 
face. To keep the protecting gas flowing along the elec- 
trode surface, the nozzle(s) preferably should be a line 
source or array of discrete sources. The nozzle(s) 
should be attached to the electrode holders, rather than 

10 the electrodes, to prevent overheating of the nozzle(s). 
[0027] The nozzles have a configuration (e.g., ring) 
and outside circumference consistent with the configu- 
ration and circumference of the electrode encom- 
passed. Preferably, the diameter of the nozzle/hole 

15 array may range from about 1 1 0% to about 200% of the 
outer diameter of the electrode holder, and is preferably 
about 130% of the outer diameter of the electrode 
holder. The number and size of holes, as well as the 
spacing, will depend on the desired flow characteristics. 

20 For example, given a cathode diameter of 35 mm and 
an anode diameter of 60 mm, the anode rings have 20 
holes with a 1/32" diameter and the cathode rings have 
18 holes with a 1/16" diameter. Preferably, the distance 
between any hole (or nozzle) is less than twice the dis- 

25 tance between the hole and the electrode surface. 

[0028] The length and array of the nozzles can be 
adjusted to deliver the gas flow to the area of highest 
fume build up. For example, given the configuration of 
the electrodes in Figure 2, the holes on the center elec- 

30 trode nozzle ring should be arranged uniformly around 
the circumference of the electrode since the silica fume 
is deposited uniformly. On the side electrodes, however, 
the fume deposition is not uniform. The heaviest fume 
deposits on the outer side of the electrode opposite the 

35 center electrode. Therefore, the blow holes are more 
dense in this area. 

[0029] Alternative blowing means include other 
types of nozzles, jets, and the like which could establish 
the desired flow of protecting gas. Blowing means can 
40 have other shapes and configurations (e.g., rectangu- 
lar) depending on the shape and configuration of the 
electrodes. 

[0030] The supplying means should be properly 
connected to the blowing means to insure sufficient flow 

45 of protective gas. In one embodiment illustrated in Fig- 
ure 2, supply tubes 14, 15, and 16 can be mounted in 
any desired configuration to protecting devices 11, 12, 
and 13, respectively. The supplying means is also con- 
nected to storage means (not shown), such as a reser- 

so voir, containing the no n -reactive gas. 

[0031] The supplying means and blowing means 
can be made of the same or different material. Suitable 
materials include those materials which do not intro- 
duce impurities or degrade the crucible making process, 

55 such as high-purity quartz glass, sapphire, diamond, or 
zirconia. Preferably, the blowing and supplying means 
are constructed of high-purity silica or quartz glass. 
[0032] Controlling means (not shown) are located 
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between the storage means and the blowing means to 
control the flow rate of the non-reactive gas. Controlling 
means are required to properly control the flow rate of 
the non-reactive gas. Generally, the total gas flow 
though the nozzle array can range from about 80 
cm 3 /sec, which can be employed while fusing the cruci- 
ble substrate, to about 10 000 cm 3 /sec, which can be 
employed when introducing silica particles through the 
arc. Less than about 80 cm 3 /sec, and more specifically 
less than 0.4 cfm (cubic feet per minute) when nitrogen 
is the non-reactive gas, can be ineffective in reducing 
build up of the silica vapor and ineffective in protecting 
the nozzle from heat damage. A flow rate greater than 
10 000 cm 3 /sec, and more specifically more than 2.6 
cfm at 60 psi when nitrogen is the non-reactive gas, can 
interfere with the arc produced between the electrodes. 
The non-reactive gas can interfere with the arc by 
essentially blowing away the ionized gases which pro- 
vide the conductive path for the arc, thus requiring addi- 
tional voltage to re-ionize the path between the 
electrode to maintain the arc. The nitrogen gas flow 
should also be controlled within the desired flow rate in 
order to minimize disruption of the arc. Disrupting the 
arc can cause premature erosion of the electrode, stop- 
page or sputtering of the arc, changes in the crucible 
dimension, and bubble formation on the inner surface of 
the crucible. 

[0033] The flow rate of the non-reactive gas should 
also be controlled to proportionately respond to the con- 
densation rate of the silica vapor. As the amount of the 
silica vapor increases or decreases, there should be a 
corresponding increase or decrease in the flow rate of 
the non-reactive gas past the electrodes to lift the silica 
vapor away from the electrodes. 

[0034] The flow rate of the non-reactive gas near 
the electrodes can be optionally pulsed. Pulsation 
reduces the total arc disruption over time while main- 
taining the desired non-reactive gas flow to suppress 
the condensation of silica on the electrodes. The gas 
flow rate and pulsing of the gas is maintained either 
manually via a pressure regulator, needle valves, and 
flow gauges or automatically via a mass flow controller, 
programmable logic controller, and a series of pneu- 
matic solenoids. 

[0035] Protecting devices 11, 12, and 13 can be 
located at any desired position of the electrode holder 
and/or the electrode. Generally, protecting devices 1 1 , 
12, and 13 are located where they can reduce — and 
preferably prevent — silica vapor deposits. Preferably, 
the protecting devices are located proximate to the 
areas of the electrodes where the silica vapor deposits 
the most, such as the cooler parts of the electrodes. 
[0036] Illustrations (1), (2), and (3) of Figure 3 
depict some of the various locations of protecting device 
12 attached to the center electrode holder 2 in the 
present invention. Illustration (4) of Figure 3 represents 
an electrode with no protective device attached to 
reduce the amount of silica vapor deposits. Without a 



protecting device, fume or silica vapor deposits 19 on 
the upper part of the electrode, forms a film, and then 
flakes off. 

[0037] Illustration (1) of Figure 3 — where protecting 

5 device 12 is located on the electrode holder so holes 17 
are near the electrode — depicts one preferred location 
of the device since this minimizes silica vapor deposits 
on the electrode. In illustration (1), gas blown from holes 
17 sweeps down the electrode holder surface and then 

10 along the electrode surface. The distance between the 
nozzle array and the end of the electrode holder should 
be optimized, and is preferably up to about three times 
the diameter of the electrode holder. 
[0038] As depicted in Figure 3, illustration 

15 (2) — where protecting device 12 is located next to the 
electrode rather than the electrode holder — depicts a 
less preferred location of the device. This configuration 
minimizes silica vapor deposits 19 on the electrode, but 
the nozzle can be quickly damaged by the plasma heat. 

20 Accordingly, the nozzle array should not be located too 
near the electrodes, at least when using materials that 
are easily damaged by the plasma heat. 
[0039] Illustration (3) of Figure 3 — where protecting 
device 12 is located on the electrode holder, but the 

25 nozzle position relative to the end of the electrode 
holder exceeded about 5 times the electrode diame- 
ter — depicts a less preferred location. The nozzle is too 
far away from the area of fume deposit for the protective 
gas amount and velocity to be adjusted to prevent fume 

30 deposits. 

[0040] Using the protecting gas or gas mixture 
according to the present invention greatly decreases the 
white point defects in crucibles. Generally, a batch of 
crucibles can be manufactured with losses less than the 
35 normal loss rate for white point defects, which typically 
run about 7%. Specifically, a batch of 63 crucibles were 
manufactured with with no to about less than 2% losses 
to due to white point defects. 

[0041] Having thus described in detail the preferred 
40 embodiments of the present invention, it is to be under- 
stood that the invention defined by the appended claims 
is not to be limited by particular details set forth in the 
above description, as many apparent variations thereof 
are possible without departing from the spirit or scope 
45 thereof. 

Claims 

1. A method for making at least one silica crucible, 
so comprising: 

providing a crucible substrate; 

providing a plurality of electrodes having an arc 
55 or plasma discharge therebetween; 

melting silica particles by introducing them 
through the arc or plasma discharge toward the 
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crucible substrate; 

protecting a portion of the electrodes from sil- 
ica vapor condensation to reduce the amount 
of white point defects in the at least one cruci- 5 
ble; and 

cooling the crucible to its final form. 

2. The method of claim 1, including protecting a por- w 
tion of the electrodes by flowing a non-reactive gas 
or mixture of non-reactive gases over a portion of 
each electrode 

3. The method of claim 2, the flow of non-reactive gas 
or mixture of non-reactive gases is supplied 
through an array of holes with a diameter ranging 
from about 1/32 to about 1/16 of an inch and with a 
flow rate ranging from about 0.4 cfm to about 2.6 
cfm. 

4. The method of claim 2 or 3, wherein the non-reac- 
tive gas is neon, helium, argon, or nitrogen. 

5. The method of claim 4, wherein the non-reactive 
gas is nitrogen. 

6. The method of claim 5, the nitrogen having a pulsed 
flow or a pulse-imposed flow. 

7. The method of one of the claims 1 to 6, the method 
making a plurality of crucibles with white point 
defects present in less than 7% of the crucibles. 

8. The method of claim 7, the method making a plural- 
ity of crucibles with white point defects in less than 
2% of the crucibles. 

9. An apparatus for making a silica crucible, compris- 
ing: 



11. The apparatus of claim 9 or 10, further comprising 
means for regulating the flow of the non-reactive 
gas or mixture of non-reactive gases. 

12. The apparatus of claim 10 or 1 1 , wherein the blow- 
ing means is at least one nozzle proximate to a por- 
tion of the electrodes. 

13. The apparatus of claim 1 2, wherein the at least one 
nozzle is proximate to a cooler portion of the elec- 
trodes. 

14. The apparatus of claim 12 or 13, wherein the at 
least one nozzle is proximate to a portion of each 
electrode. 

15. The apparatus of one of the claims 12 to 14, 
wherein the at least one nozzle is a quartz glass 
pipe or hollow, double-walled casing with at least 
one hole disposed therein. 

16. The apparatus of claim 15, further comprising an 
electrode holder for each electrode of the plurality 
of electrodes, wherein the at least one nozzle is a 
quartz glass pipe ring located around the electrode 
holder with an array of holes having a diameter from 
about 1/32 to about 1/16 of an inch; 

the diameter of said array is about 1 30% of the 
diameter of the electrode holder; and 

the distance between the array and the end of 
the electrode holder is less than about three 
times the diameter of the electrode holder. 

17. A plurality of silica crucibles made by a method 
according to one of claims 1 to 6, with an apparatus 
according to one of claims 9 to 16, wherein white 
point defects are present in less than 7% of the cru- 
cibles. 
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35 



a mold for supporting a crucible; 18. The plurality of silica crucibles of claim 17 with 

white point defects present in less than 2% of the 
a plurality of electrodes having an arc or crucibles, 
plasma discharge therebetween; 45 



means for introducing silica particles through 
the arc or plasma discharge and into the cruci- 
ble substrate; and 

50 

means for protecting the electrodes from silica 
vapor condensation. 

10. The apparatus of claim 9, wherein the protecting 

means includes means for blowing a non-reactive 55 
gas or a mixture of non-reactive gases over a por- 
tion of the electrodes. 
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